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In this paper we present an experimental method of parameterising the passive mechanical
characteristics of the bicep and tricep muscles in vivo, by ﬁtting the dynamics of a two  mus-
cle  arm model incorporating anatomically meaningful and structurally identiﬁable modiﬁed
Hill  muscle models to measured elbow movements. Measurements of the passive ﬂexion
and extension of the elbow joint were obtained using 3D motion capture, from which the
elbow angle trajectories were determined and used to obtain the spring constants and damp-
ing  coefﬁcients in the model through parameter estimation. Four healthy subjects were used
in  the experiments. Anatomical lengths and moment of inertia values of the subjects were
determined by direct measurement and calculation. There was good reproducibility in the
measured arm movement between trials, and similar joint angle trajectory characteristics
were seen between subjects. Each subject had their own set of ﬁtted parameter values deter-
mined and the results showed good agreement between measured and simulated data. TheTriceps
Parameter estimation
average ﬁtted muscle parallel spring constant across all subjects was 143 N/m and the aver-
age  ﬁtted muscle parallel damping constant was 1.73 Ns/m. The passive movement method
was  proven to be successful, and can be applied to other joints in the human body, where
muscles  with similar actions are grouped together.
© 2013 The  Authors. Published by Elsevier  Ireland Ltd.   
the body from kinematic measurements e.g. [3,4]. However,
Open access under CC BY license.1.  Introduction
In this paper we  describe a passive method for parameterising
the passive mechanical characteristics of human muscles in
vivo. As an example, a study of the movement  of the elbow
joint and the procedure to obtain parameter values of an arm
model incorporating the elbow ﬂexor and extensor muscles as
modiﬁed Hill muscle models is presented.
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Open acThe focus for much biomechanical modelling has either
been on body segment motion e.g. [1] or on the analysis of
individual joint movements e.g. [2]. Whole body models used
neural network (NN) or genetic algorithms (GA) to assign mus-
cle forces and properties to individual muscle groups within     
ck, Coventry CV4 7AL, United Kingdom. Tel.: +44 024 765 23965.
limited anatomical and physiological data on individual joints
and muscles were incorporated into these models. The major-
ity of the modelling work on single joints has been aimed at
  
cess under CC BY license.
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nderstanding the motion around the joint and consequently
he majority of the models generated were not predictive.
However predictive models are required for the design of
rostheses or orthoses, in particular patient speciﬁc pros-
heses and orthoses. Orthoses and prostheses, including
unctional electrical stimulation (FES), are only one com-
onent of rehabilitation where achieving independence and
erforming activities of daily living (ADL) is the ultimate goal.
edically and therapeutically, clinicians often wish to use
rthoses and prostheses to emphasise or de-emphasise parts
f a current movement. Without detailed predictive models
hat are anatomically and physiologically meaningful, such
hanges to the movement  cannot be incorporated into the
rosthesis and orthoses and hence the overall strategy for the
atient. Therefore, our goal was to generate musculo-skeletal
odels where components are physiologically and anatomi-
ally meaningful.
One of the stimuli for the current work is the development
f models for the design of model based control system for
ES systems. FES [5] has been used as part of rehabilitation
trategies on spinal cord injured (SCI) patients for regaining
ovement  functions, such as generating knee lock to allow
tanding, e.g. [6–9], or achieving balance by controlling ankle
ngle, e.g. [10,11]. Traditionally, many  FES systems have used
pen loop on/off control, e.g. [8]. Such systems are simple to
mplement and do not require predictive models, however
hey were found to cause rapid muscle fatigue. For exam-
le, Chesler and Durfee’s [12] study of maximum tension and
atigue under FES, showed that maximum tension reduced
o 50% in about 15 s. Much  of the work on closed loop FES
ontrollers has been based on proportional integral derivative
PID), NN or GA controllers. In PID controllers [10], mechanistic
odels were used, but the bulk parameters had no anatomical
nd physiological meaning, and control systems were opti-
ised to individual patients empirically. For NN, e.g. [3] and
A, e.g. [4], based controllers, machine learning techniques
ere required to obtain numerical values, but once again these
ad no anatomical or physiological meaning.
Irrespective of their purpose, biomechanical models
sually contain unknown parameters, where values are
etermined through parameter estimation techniques. Tradi-
ionally, measurements from maximum voluntary contraction
MVC) have been used as part of the parameterisation of mus-
le models, e.g. [13–15], however, a problem arises if voluntary
ontraction is not possible, for example when working with
CI subjects. In these cases the MVC  method cannot be used.
s a solution, we  propose an experimental method using pas-
ive movements, in which the muscles are completely relaxed
nd non-active, to obtain numerical values for the passive
echanical parameters in the muscle model. In the case of
he bicep and tricep muscles, measurement of passive elbow
exion and extension was used for parameter estimation.
.  Backgroundill type muscle models [16], which are widely used in
usculo-skeletal modelling, represent the muscle as a combi-
ation of mechanical components. Because these mechanical
omponents model properties that result from a large numberi o m e d i c i n e 1 1 4 ( 2 0 1 4 ) e46–e59 e47
of microscopic events, which occur at the sarcomere level, it
is not possible to measure the dynamic properties of these
components directly for individual subjects in vivo. There-
fore, the only approach to obtain parameter values is to use
parameter estimation techniques, in which simulated data
are ﬁtted to measured data. Currently, few parameter values
for the passive mechanical components have been published
from studies where parameter values were obtained from
measured data in vivo [2,17,18]. In one study [19], a promis-
ing approach to parameterising the classical Hill model was
presented but these authors were unable to obtain parame-
ter values, although the reasons for this are unclear. We have
previously shown that the classical Hill muscle model is not
structurally identiﬁable and therefore parameter values can-
not be uniquely obtained through measurement [20]. As part
of the same study, we showed that a commonly used modi-
ﬁed version of the Hill muscle model [20–24] where there are
no serial combinations within the parallel components was
structurally identiﬁable if the internal component lengths of
the muscle are known. These latter studies highlighted a fur-
ther problem in that even where modiﬁed Hill muscle models
had the same structure, there were inconsistencies between
studies in the anatomical deﬁnitions of the model compo-
nents. The anatomical deﬁnitions of the modiﬁed Hill muscle
model used in this study follow those we  outlined in the struc-
tural identiﬁability analysis [20] and are described in detail in
Sections 3.2 and 4.1.
Our goal was to parameterise individual muscles or group
of muscles that are similar in both action and geometry for a
particular limb movement, in subjects who  had no voluntary
control of the muscles for that movement. Since the model
follows the anatomy, with the bicep muscle group and tricep
muscle working in opposing directions, separate experiments
involving movement  in each direction are necessary to param-
eterise the two muscles models. Venture et al. [21,25] have
previously reported a similar passive technique for param-
eterising the elbow joint, however in their study only one
experimental protocol was used and their ﬁnal arm model
became a simple 2nd order spring damper model that lacked
an explicit muscle model.
The experiments in this study measured the action of
passive elbow extension and ﬂexion. Our preliminary results
[26] showed the initial elbow extension experiment (denoted
experiment 1 in this paper and described in Section 4.2) did
not adequately describe the trajectory predicted by the model
when maximum elbow extension was reached after 90◦ of
movement. This only gave 0.6 s of data for parameter esti-
mation, therefore in this paper, work on a modiﬁed version
of the extension experiment (experiment 3) is described, in
which a different upper arm orientation is used (see Section
4.4), providing a larger range of elbow angle movements (135◦)
for parameter estimation.
3.  Materials3.1.  Musculo-skeletal  model  of  the  human  arm
The two segment model shown in Fig. 1 is a representation of
the human arm [20,26]. It has one degree of freedom around
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Fig. 1 – Two muscle arm model, showing the ﬂexor bicep
muscle and extensor tricep muscle. This arm orientation is
the starting arm orientation in experiment 1. The grey
dotted arc around the centre of rotation shows the path of
the tricep point of insertion and the path of the portion of
the tricep free tendon that wraps around the joint when the
arm is ﬂexed. The tricep point of insertion rotates around
the joint with the forearm.
Fig. 2 – Modiﬁed parallel Hill muscle model incorporating a
free tendon of spring constant kt , and length xt . x
represents the length of the bulk of the muscle, which has a
contractile element CE, damper bm and spring km inthe elbow joint. The muscles are the ﬂexor muscle, deﬁned as
the bicep muscle in this model, which anatomically describes
the bicep brachii and brachialis acting in parallel; and the
extensor muscle, triceps brachii, deﬁned as the tricep muscles
in this model.
The length d11, d12, d21 and d22 are the distances from the
centre of the joint to the points of origin and insertion of the
free tendons. The free tendon is that portion of the tendon
which is external to the bulk of the muscle (see Section 3.2).
It should be noted that anatomically, the point of insertion
of the lower end of the triceps tendon attaches to the olecra-
non which protrudes backwards from the centre of rotation
of the joint. During joint extension and ﬂexion, the point of
insertion of the tricep rotates around the centre of joint with
the forearm, and its movement  path is assumed to follow
an arc of a circle around the centre of rotation of the elbow
joint, with ﬁxed radius of d21. Mechanically, the assumption
is that when the elbow ﬂexes, the lower end of the tricep
free tendon ‘wraps around’ structures in the elbow, and the
portion of the tendon what wraps around the joint was also
assumed to follow a path of an arc around the centre of rota-
tion of the elbow, with a constant radius of d21. In Fig. 1, a
dotted line shows the arc of which is the path of the point of
insertion around the centre of rotation, and also the path of
the portion of the free tendon that wraps around the elbow
joint. darm is the distance between the centre of the elbow
joint and the centre of mass of the arm plus hand. dload is
the distance from the elbow to the centre of the load force
applied to the hand, the latter being the centre of 1 kg or 2 kg
weights held in the hand during the experiments. The lengths
of the bicep and tricep muscles plus the lengths of the free
tendons are deﬁned by l1 and l2, and these are described in
Section 3.2.The dynamics of this model are determined by the dynam-
ics of the muscles and the mechanical geometry of the skeletal
and soft tissue components, which are described in Sections
3.2 and 3.3.parallel.
3.2.  Modiﬁed  parallel  hill  muscle  model  with  exposed
free  tendon
The mechanical characteristic of the bicep and tricep muscles
are represented by a modiﬁed parallel element Hill muscle
model in series with an exposed free tendon kt (Fig. 2). The
contractile element (CE) represents the force source when
the muscle is activated. The damping element bm represents
energy loss within the muscle from mechanical inefﬁciency at
the actin/myosin level. The parallel spring element km repre-
sents elasticity of the bulk muscle reﬂecting its ability to return
to its natural length. The length x represents the length of the
bulk muscle, and xt represents the length of exposed free ten-
don. The lengths of the free tendons at both ends of a muscle
are summed together and modelled as one serial spring.
Equivalent free tendon spring constants have been
reported to lie in the range 60–170 kN/m [27]. The maximum
strain of a tendon before failure is about 10%, and it has
been suggested that the nominal strain is about 3.3% [28]. The
change in the total length of the muscle and free tendon during
muscle elongation is much larger than the maximum strain
achieved through the free tendon, and therefore the major-
ity of this increase in length comes from the muscle. During
passive elongation, a muscle can be stretched to 1.5 times its
resting length with minimal force. Therefore the extensions
of the free tendons caused by the passive muscle forces are
considered negligible in comparison to the extension of the
bulk of the muscle and thus the free tendons are assumed to
have ﬁxed lengths. The result of this assumption is that when
the contractile element CE is not active, the dynamics of the
muscle are completely determined by the spring and damping
elements. This scenario is used experimentally to allow the
parameter values for the passive elements to be determined.
3.3.  System  equations
Euler’s second law has been used to derive the system equa-
tions for the musculo-skeletal models shown in Fig. 1. The
system Eqs. (1)–(9) describe the elbow joint dynamics when
the arm is in the same orientation as shown in Fig. 1. The con-
tractile element in the muscle model (Fig. 2) is assumed to be a
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Fig. 3 – Two muscle arm model, showing the arm in the
orientation used in experiment 2 to measure elbow ﬂexion.c o m p u t e r m e t h o d s a n d p r o g r a m s 
ure force generator and therefore plays no part in the dynam-
cs of the model. The upper arm is ﬁxed in a vertical position
nd with the muscle not activated, the forearm and hand are
llowed to swing, pivoted around the elbow. The wrist is fully
xtended at all times. Starting with the angular velocity and
cceleration, the equations of motions are:
˙
 ≡ d
dt
(1)
¨
 ≡ d˙
dt
=
(
lim 1 + lim 2 + F1((d11d12 sin )/l1) − F2d21 + marmdar
J
here the angular acceleration ¨ equals to the sum of torques
ivided by the moment of inertia. d11, d12, d21, d22, darm, dload
nd  are deﬁned in Fig. 1. A damping factor barm represents
he resistance to movement  caused by soft tissues around the
lbow joint. lim1 and lim2 are the torques at the joint limits
nd are described at the end of this section and modelled by
qs. (8) and (9). The third and fourth terms in (2) (terms con-
aining F1 and F2 respectively) are the torques from the bicep
nd tricep muscles, which are products of the moment arm
nd the passive force of the muscles under elongation in the
irection perpendicular to the forearm.
The bicep moment arm is d11, and the perpendicular force
s the bicep force adjusted by the direction of the muscle and
ngle of the elbow, derived from the geometry in Fig. 1. As
escribed in Section 3.1, when the elbow is ﬂexed, a portion
f the lower free tendon of the tricep muscle wraps around
he elbow, following the path of an arc with constant radius of
21 from the centre of rotation. Since the free tendon always
eaves this arc tangentially, the tricep muscle force, F2, always
cts tangentially to the path of this arc, and the moment arm
f this force is the radius of the arc, which is always equal
o d21. The two terms following the muscle torques are the
orques caused by gravity acting on the mass of the arm and
ny weights held in the hand. J is the moment of inertia of
he forearm together with any extra weight held in the hand,
alculated using Eq. (12), see Section 4.1.
From Fig. 2, the bicep muscle force F1 and tricep muscle
orce F2 are given by:
i = FCEi + bmix˙i + kmi(xi − xi  0), i = 1, 2 (3)
here x1 0 and x2 0 are the natural length of the bicep and
ricep muscles, excluding the length of the free tendons. As
escribed in Section 3.2, the free tendons are assumed to
ave ﬁxed lengths, but when the geometry of the model gives
engths shorter than their ﬁxed lengths, they become slack.
his means the free tendons can only transfer contractile force
nd therefore if Fi ≤ 0, Fi = 0 in (3).
It should be noted that (2) is a generalised equation for the
ovement  of the joint with the upper arm in the position
hown in Fig. 1. In voluntary elbow ﬂexion, F1 is active and2 only contributes a passive (resistive) force and vice versa
or extension. However in this work, only passive movements
re being considered and therefore the voluntary forces of the
uscles, FCE, in (3) are zero at all times.i o m e d i c i n e 1 1 4 ( 2 0 1 4 ) e46–e59 e49
n  + mloaddloadg sin  − barm˙
)
(2)
From Fig. 2, the bicep muscle length x1, its velocity of con-
traction x˙1, the tricep muscle length x2 and its velocity of
contraction x˙2 are given by:
x1 = l1 − x1t =
√
d11
2 + d122 − 2d11d12 cos  − x1t (4)
x˙1 ≡ dx1
dt
= (d211 − d212 − 2d11d12 cos )
−0.5 · d11d12(sin )˙ (5)
x2 = l2 − x2t =
√
d222 − d221 + d21( − ) − x2t (6)
x˙2 ≡ dx2
dt
= −d21˙ (7)
where x1t is the bicep free tendon length and x2t is the tricep
free tendon length.
Additional torques resulting from soft tissue compression
and extension are present near the maximum angle of ﬂexion
and extension respectively: lim1 represents additional torque
at maximum extension; and lim2 represents additional torque
at maximum ﬂexion, and are modelled as:
lim1 =
⎧⎪⎨
⎪⎩
−klim( − lim1) − blim˙ if  > lim1 and ˙ > 0
−klim( − lim1) if  > lim1 and ˙ ≤ 0
0 if  ≤ lim1
(8)
⎧⎪−klim( − lim2) − blim˙ if  < lim2 and ˙ < 0The upper arm is held horizontal and the forearm is
allowed to swing. The points of origin and insertions of the
muscles are not shown in this ﬁgure but are identical to
Fig. 1.
e50  c o m p u t e r m e t h o d s a n d p r o g r a m s i n
Fig. 4 – Deﬁnition of free tendon length and bulk muscle
length. Exposed free tendon of the biceps is the sum of x1ta
and x1tb. Sum of muscle and free tendon length equals to l1
and l2.
mg c
mg siwhere klim and blim represent the effective rotational spring
and damping constants of the soft tissue, which are assumed
to be the same for both extension and compression.
Eq. (2) analyses extension at the elbow joint. To analyse
ﬂexion, the upper arm needs to be in a horizontal plane
with the elbow facing upwards, see Section 4.3, Fig. 3 and
Fig. 5b. ¨ is now given by Eq. (10) to reﬂect the differ-
ence in the direction of gravity with reference to the elbow
angle.
¨ ≡ d˙
dt
=
(
lim 1 + lim 2 + F1((d11d12 sin )/l1) − F2d21 + marmdar
J
In our preliminary results for experiment 1 (Fig. 1) [26], the
arm swing movement  is limited by maximum elbow exten-
sion, to overcome this, a third experimental setup was used.
Described in Section 4.4, experiment 3, the arm starts in a
position where the upper arm was leaned forward by 45◦
from vertical, see Fig. 5c. For this orientation, ¨  is given by
Eq. (11)
¨ ≡ d˙
dt
=
(
lim1 + lim 2 + F1((d11d12 sin )/l1) − F2d21 + marmdar
J
4.  Experiment  protocolFour healthy subjects participated in the experiments, where
none of the subjects had any known bone, muscle or nerve
disease. Whilst the primary stimulus of this work was FES, b i o m e d i c i n e 1 1 4 ( 2 0 1 4 ) e46–e59
os  + mloaddloadg cos  − barm˙
)
(10)
n( + (/4)) + mloaddloadg sin( + (/4)) − barm˙
)
(11)
Mohammed et al. [19] reported that muscle characteristics do
not differ between the healthy subjects and SCI subjects when
carrying out SCI studies, and therefore normal healthy sub-
jects with no diagnosed muscle, bone or joint diseases could
be used in this study. Height and weight characteristics of the
subject are included in Table 2.
The length and mass parameters can be directly measured
or calculated. The method of measurement is described in Sec-
tion 4.1. The arm model (see Fig. 1) and system equations in
Section 3.3 describe a model containing an antagonist pair of
muscles allowing ﬂexion and extension of the forearm. There-
fore different experimental procedures observing extension
(experiment 1 and 3) and ﬂexion (experiment 2) are necessary
to determine parameters that are not directly measurable, i.e.
the spring and damping constants in Eqs. (2), (3), (8)–(11).
These experiments are designed to examine the step
response of the elbow joint and determine the system param-
eters. As described in Section 3.2, measuring motion when the
muscles are inactive allows the parameter values of the pas-
sive components in the arm and the muscles to be determined.
To achieve this, free fall motions were used in all experiments.
The basic principle was to initially support the forearm by
a trigger block, where the forearm has potential energy, see
Fig. 5. By quickly (assumed to be instantaneously) removing
the trigger block from under the wrist while the muscles are
completely relaxed, the elbow joint experiences a step change
in net moment, and extends or ﬂexes due to gravity acting on
the mass of the arm, hand and any mass held. The experi-
ments are described in Sections 4.2–4.4.
A Vicon biomechanical 3 dimensional (3D) motion capture
system [29] was used to measure the segment trajectories. The
Vicon system captures at 200 frames per second and has a
resolution of 0.1 mm.  An 8 markers conﬁguration was used
to locate the 3D position of the shoulder, elbow, wrist and
hand. Markers were also placed on the trigger block to allow
removal of the block to be captured. The placements of the arm
markers are listed in Table 1. Fig. 5 contains images from the
experiments showing the locations of the markers. The mea-
sured marker positions were used to compute the centre of
the joints and elbow angles, these calculations are described
in Section 4.5.
4.1.  Anatomical  parameter  measurement  and
calculation
The directly measurable parameters in the system equations
given in Section 3.3 are d11, d12, d21, d22, larm, rarm, dload, x1t,
x2t, x1 0 and x2 0. Palpation and surface measurement were
used to determine the anatomical lengths; with a resolution
of 5 mm.  Fig. 4 was used as a guide for measuring free tendon
lengths. Average values from ﬁve consecutive measurements
were used. Distance darm was derived from larm using a table
of anthropometric data [30]. The distance dload was measured
c o m p u t e r m e t h o d s a n d p r o g r a m s i n b i o m e d i c i n e 1 1 4 ( 2 0 1 4 ) e46–e59 e51
Fig. 5 – (a) Experiment 1, 90◦ elbow extension starting position with trigger block supporting the hand. Some markers and
the trigger block are labelled. (b) Experiment 2 ﬂexion starting position with trigger block supporting the hand and strap
holding the upper arm. (c) Experiment 3, 45◦ ﬂexion experiment, showing the upper arm ﬁxed by a strap. This is the resting
position of the arm at the end of the experiment. The ElbIn marker is on the medial side of the elbow and not visible in
these images.
Table 1 – Arm markers used in 3D motion capture.
Marker name Description and marker placement
ShoTop Top of shoulder, placed on top of the highest point of the acromion
ShoFro Front of shoulder, place in front of the shoulder align with the anterior–posterior line that pass through the centre of
the shoulder joint rotation.
ShoRea Front of shoulder, place behind the shoulder align with the anterior–posterior line that pass through the centre of the
shoulder joint rotation
ElbOut Outside of elbow, placed on the lateral side of the elbow aligned with the medial lateral elbow centre of rotation line
ElbIn Inside of elbow, placed on the medial side of the elbow aligned with the medial lateral elbow centre of rotation line
WriA Wrist marker A, placed on the styloid process of radius
of uln
on to
f
h
f
m
w
a
k
t
wWriB Wrist marker B, placed on the styloid process 
Hand Hand marker, placed on the back of the hand 
rom the centre of the elbow joint to the centre of the mass
eld in the hand.
To calculate the segment mass and moment of inertia, the
orearm and the hand are assumed to be cylindrical with the
ass uniformly distributed. The mass of the forearm together
ith the hand, marm, was measured by supporting the elbow
nd weighing the arm with the muscles fully relaxed at the 2nd
nuckle of the middle ﬁnger. From the uniform mass distribu-
ion assumption, marm is twice the mass value obtained from
eighing. The moment of inertia of the forearm and hand J
Table 2 – Measured parameters of four subjects.
Subject parameters P1 
Height (m) 1.65 
Weight (kg) 55 
Forearm + hand weight (kg) 0.92 
d11 (mm) 45 
d12 (mm) 269 
d21 (mm) 45 
d22 (mm) 240 
x1t (mm) 100  
x2t (mm) 123 
x1 0 (mm) 146 
x2 0 (mm) 155 
larm (mm) 340 
darm (mm) 150 
dload (mm) 330 
rarm (mm) 35 
J (kg m2), 0 kg in hand 0.0279 
J (kg m2), 1 kg in hand 0.133 
J (kg m2), 2 kg in hand 0.246 a
p of the head knuckle of the middle ﬁnger metacarpal
in (2), (10) and (11) was then calculated by using the following
standard approximation for a cylindrical object
J = 14marmr2arm + 13marml2arm + mloadd2load (12)where the length of the cylinder larm was measured from the
centre of the elbow joint to the 2nd knuckle of the middle
ﬁnger with the hand clenched as a ﬁst. The radius of the
arm rarm is approximated as half the diameter of the forearm,
P2 P3 P4
1.75 1.80 1.70
74 75 54
1.28 1.88 0.96
50 37.5 45
285 250 275
50 55 50
255 248 248
116 120 112
130 135 126
150 155 145
161 140 156
370 380 340
163 168 152
360 330 292
39 40 35
0.0589 0.0912 0.0373
0.168 0.200 0.137
0.277 0.309 0.235
 s i ne52  c o m p u t e r m e t h o d s a n d p r o g r a m
measured at 1/3rd of the distance from the elbow to the wrist.
The moment of inertia is assumed to be constant over time.
4.2.  Forearm  free  fall  experiment  1  –  elbow  extension
This experiment examines the forearm free fall trajectory
during arm extension. It begins with the subject’s right arm
positioned in the orientation shown in Figs. 1 and 5a. The
upper arm is held vertical at all times and the forearm starts
from an elbow angle of 90◦, which is supported by the trigger
block placed under the hand.
The hand is placed on the trigger block in the orientation
as shown in Fig. 5. This is the neutral pronation/supination
(PS) angle of the forearm and hand when the bicep brachii is
relaxed.
When the trigger block is removed, the forearm and hand
fall freely under gravity. The arm is expected to reach maxi-
mum extension and then rebound before eventually coming to
rest. The length of recorded data for each trial was 10 s, where
the trigger block was removed after a random time delay of up
to 5 s after the start of data recording.
Three separate hand loads were used: zero load, 1 kg or 2 kg
weights held in the hand. For each subject and experiment,
consecutive trials were carried out in the following order: 5
trials with 0 kg added to the hand, 5 trials with 1 kg held in the
hand, 3 trials with 2 kg held in the hand and 3 trials with 0 kg
added to the hand. A smaller number of trials were done with
2 kg to minimise the possibility of fatigue in the hand. The
last 3 trials of 0 kg load were carried out to ensure the passive
characteristics of the arm and muscle had not changed due
to the duration of the experiment and the initial measured
trajectories of 0 kg hand load were reproducible.
4.3.  Forearm  free  fall  experiment  2  –  elbow  ﬂexion
Experiment 2 records the subject’s forearm free fall trajectory
for ﬂexion. The subject’s arm starting position in experiment 2
is shown in Fig. 5b. The upper arm is held horizontal by a strap
with elbow facing up at all times and the forearm starts from
maximum extension supported by the trigger block placed
under the hand. When the trigger block is removed down-
wards, the elbow joint ﬂexes freely, with the motion being
similar to a damped pendulum motion. The recording proce-
dure including the trial length, random delay before removing
trigger block, load applied to the hand and the number of
measurements taken was identical to the protocol used in
experiment 1.
4.4.  Forearm  free  fall  experiment  3  –  45◦ elbow
extension
Experiment 3 measures the forearm free fall trajectory (elbow
extension) similar to experiment 1, however in experiment 3
the orientation of the upper arm was at 45◦ from the vertical
position, held by a strap, see Fig. 5c. The trigger block initially
holds the forearm in a horizontal position, where the elbow
angle is at 45◦, the trigger block was removed downwards in
the same fashion as in experiment 1 and 2 to start the exper-
iment. The recording procedure including the trial length,
random delay before removing trigger block, load applied to b i o m e d i c i n e 1 1 4 ( 2 0 1 4 ) e46–e59
the hand and the number of measurements taken was iden-
tical to the protocol used in experiments 1 and 2.
4.5.  Measured  data  preparation  for  parameter
estimation
The measured elbow angle was computed on a frame by frame
basis using the measured arm marker positions. First the cen-
tre of the shoulder joint (SHO), elbow joint (ELB) and wrist joint
(WRI) were calculated from the 3D location of the measured
marker positions (13)–(15), where the marker names refer to
the markers detailed in Table 1.
SHO =
(
ShoTop + ShoFro + ShoRea
3
)
(13)
ELB =
(
ElbOut + ElbIn
2
)
(14)
WRI  =
(
WriA + WriB
2
)
(15)
The elbow angle was then calculated as the acute angle
between the upper arm vector A and forearm vector B (18),
where the upper arm vector was from ELB to SHO (16) and the
forearm vector was from ELB to WRI  (17).
A = SHO − ELB (16)
A = WRI  − ELB (17)
elbow = cos−1
(
A · B
|A||B|
)
(18)
Measurements with missing marker data or where the
muscles were not fully relaxed were excluded from param-
eter estimation. The start of each experiment was identiﬁed
by locating the instant when the trigger block markers moved
downward.
5.  Parameter  estimation  by  forward
dynamics  simulation
Parameter estimation and optimisation was done on a sub-
ject by subject basis, to ﬁnd a set of ﬁtted parameter values of
barm, km1, km2, bm1, bm2, k , and b that gave minimum absolute
error (MAE) between measured and simulated elbow angle tra-
jectories, the latter of which were generated by simulating a
forward dynamic model created from the equations in Section
3.3.
Simulated elbow joint angle and angular velocity time
histories for (2), (10) and (11) were obtained by numerically
integrating the forward dynamic model using a variable time
step Runge–Kutta method ordinary differential equation (ODE)
solver (ODE45, Matlab®). All computational work was carried
out in Matlab® R2009b.
The error between the measured and simulated elbow
angle trajectories was assessed using the MAE. Only experi-
ments 2 and 3 were used to calculate MAE. In each recorded
trial the 2 s of data following trigger block removal was used
to calculate the MAE, see Eq. (19). For each subject, repeated
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Table 3 – Fitted muscle parameter values.
P1 P2 P3 P4
barm (Nms/rad) 0.221 0.285 0.114 0.126
km1 (N/m) 207 218 21.4a 41.4a
bm1 (Ns/m) 0.0395 0.188 0.920 0.110
km2 (N/m) 126 148 389a 0.419a
bm2 (Ns/m) 1.99 0.192 5.88 4.57
klim (Nm/rad) 0.0361 0.0436 2.33 1.13 × 10−6
blim (Nms/rad) 6.00 × 10−3 0.306 0.0733 0.0106
MAE (rad) 0.185 0.174 0.186 0.254
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of muscles with similar actions and geometries that controlSee discussion in Section 7.5.
rials from each experimental conﬁguration (e.g. exp2 0 kg)
ere averaged to give an average time history to be compared
ith the corresponding simulated arm fall movement  and
and load conﬁguration (e.g. simulated exp2 0 kg), this gave 6
veraged measured trajectories and 6 simulated trajectories.
he 6 pairs of data were used to calculate 6 MAEs, and these
ere then averaged to give an overall MAE  for the subject
20). The reason for excluding experiment 1 from the MAE
alculation is discussed in Section 7.
MAEExpi,j kg =
∑2 s
t=0  s
∣∣t,average measured,Expi,j kg−t,simulated,Expi,j kg∣∣
t
i = 2, 3, j = 0, 1, 2
(19)
verall MAE  =
∑3
i=2
∑2
j=2MAEExpi,jkg
6
(20)
Parameter estimation was carried out using a multi-
imensional unconstrained nonlinear optimisation method
fminsearch, Matlab®), which minimised the overall MAE  of
ach subject starting from an initial set of parameters (the
eed).
Free tendon spring constants had been reported to lie
n the range 60–170 kN/m [27], and the stiffness of the free
endon is considered to be much greater than the stiffness
f muscle springs, and therefore we assumed the physio-
ogically realistic values for the spring constants (km1, km2
nd klim) were in the range 0–1000 N/m and 0–1000 Nm/rad.
he extreme values for the damping factors (barm, bm1, bm2,
nd blim) were assumed to be 0 and 100 Ns/m (correspond-
ng to 0 and 100 Nms/rad) and values outside this range were
ejected.
The parameter estimation for each subject was a two stage
rocess. For the ﬁrst stage, optimisation was performed for 3
ifferent seeds, to ensure a global minimum MAE was found,
hese seeds are: ﬁtted values from preliminary work; phys-
ologically realistic values; and all zeros values. For each of
hese seeds the optimiser was run and the parameter values
orresponding to the minimum value of MAE obtained from
he 3 seeds was then used as the ﬁrst seed for the start of
he second, iterative stage of the parameter estimation pro-
ess. In the second stage of the parameter estimation process
alues of the MAE  obtained at the end of each cycle of opti-
isation were reduced to 3 signiﬁcant ﬁgures (s.f.) and, ifdifferent from those obtained from the previous cycle, input
as the seed into the next iterative cycle of optimisation. The
ﬁtted parameter values were those for which repeated cycles
of optimisation produced no change in the 3 s.f. of the MAE
values.
6.  Results
The measured parameters together with the values of
moment of inertia derived from the measurements are given
in Table 2. The optimal parameter values obtained by parame-
ter estimation and optimisation are listed in Table 3. In Eqs. (8)
and (9), the boundary angles in this study were established by
measuring the range of unrestricted movement  on one sub-
ject, P1. The values obtained were: lim1 = 2.618 rad (150◦) and
lim2 = 0.873 rad (50◦).
The 3 initial sets of seeds used were the reported ﬁt-
ted values in previous work [26]: all zero values; and the
physiological realistic seed based on the range listed in
Section 5, the latter was arbitrarily selected as barm, bm2
and blim = 0.5 Nms/rad, 0.5 Ns/m and 0.5 Nms/rad respectively,
km1 = km2 = 90 N/m, bm1 = 0.3 Nms/rad and klim = 0.2 Nm/rad.
With the exception of 1 subject, the 3 seeds gave MAE  val-
ues that were within 1% for each subject after the initial stage
of the parameter estimation process. For P4, using the seed
values from previous work and physiologically realistic val-
ues yielded MAE  values within 1% after the initial stage of
parameter estimation. However, the seed with all zero values
gave a MAE which converged to a local minimum. Importantly
the initial seeds for all subjects gave MAE values that were
taken forward to the second, iterative stage of the parameter
estimation process.
Simulated elbow angles using the values from Table 3, and
the measured elbow angle data are plotted in Figs. 6–9.
7.  Discussion
This study has covered a number of aspects of the problem of
obtaining parameter values for individual muscles or groupsmovement  of a single joint. Overall the work reported pro-
duced numerical values for the joint parameters, and the
discussion will be organised to highlight different parts of the
process.
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Fig. 6 – Forearm free fall trajectory of subject P1. Blue solids lines: measured joint trajectories. Black dashed line: simulated
joint trajectory using values from Tables 2 and 3. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of the article.)7.1.  Arm  model
The arm model used in this work simpliﬁes the movement  of
the elbow and only considers the movement  in the ﬂexion and
extension direction. The movement  in these two directions
are governed by all the muscles that are connected around
the elbow joint.
The extensor of the elbow consists of the triceps brachii.
Although there are more  than one point of origin and more
than one point of insertion for this muscle, the muscle is com-
monly modelled or measured using average muscle length,
e.g. [31], and that is the approach used in this work.
The arm model of this work (Fig. 1) contains only a sin-
gle ﬂexor muscle. Anatomically, three muscles cause ﬂexion
at the elbow: the bicep brachii, brachialis and brachioradi-
alis. Of these, the bicep brachii and brachialis contribute the
majority of the force [31]. These two muscles are of similar
length [31,32], overlay each other and act in the same direc-
tion. Therefore they have similar moment arms. By ﬁtting the
model with only 1 ﬂexor muscle, the mechanical property of
both the bicep brachii and brachialis have been combined into
the model’s bicep muscle. In practice it would be impossible
to measure the length of the brachialis in vivo using palpationand surface measurement as it is embedded under the bicep
brachii.
Although the arm model used in this work does not reﬂect
the true anatomy of the ﬂexors of the elbow, further structural
identiﬁability analysis of arm models with multiple ﬂexors
showed that parameter estimation would not produce unique
parameter values for these muscles as they effectively act in
parallel. This inability to obtain unique parameter values may
explain the reason why Venture et al. [21] failed to obtain
parameter values for their model, with the result they sub-
sequently excluded any form of Hill muscle models from their
work [25].
7.2.  Experiment  design
Some form of support to the arm is needed to ensure it is
in the correct position and orientation. The movement of the
upper arm must be minimised, whilst the elbow and forearm
are allowed to swing freely without restriction.Using a strap to position the upper arm was chosen over
methods where the elbow joint is held, as any elbow sup-
port may restrict motion. In addition, the strap has a minimal
physical volume in comparison to frame based supports and
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Fig. 7 – Forearm free fall trajectory of subject P2. Blue and green solids lines: measured joint trajectories from different days.
Black dashed line: simulated joint trajectory using values from Tables 2 and 3. (For interpretation of the references to colour
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herefore the elbow angle range was not limited by the sup-
ort. The width of the strap used in the experiments was a
ompromise between spreading the load and minimising the
eak pressure beneath it and thus the pressure on the bicep
uscle. The strap was positioned below the bulk of the bicep
uscle as shown in Fig. 5 to minimise pressure from the strap
n the muscle.
The bicep brachii is also involved in the PS rotation of the
orearm, wrist and hand. Placing the hand in a neutral posi-
ion, as seen in Fig. 5a and b, eliminated any PS rotation of the
orearm and hand during the free fall. Therefore the change
n length of the bicep brachii is only due to ﬂexion/extension
f the elbow and not pronation or supination of the forearm
nd hand.
The addition of a 1 kg or 2 kg hand load in the experiments
reatly reduced the uncertainty in the estimated moment of
nertia of the forearm and hand (Table 2). For 1 kg and 2 kg hand
oad, the estimated moment of inertia values of the forearm
nd hand, calculated using a cylindrical assumption, were of
bout 11–45% of the total moment of inertia, and the uncer-
ainty of the moment of inertia of the hand load around the
lbow joint was reduced, as the weight and distance between
he weight and centre of elbow were directly measured. There-
ore it was expected that the simulated trajectory becamethe article.)
more  accurate as the hand load increased, potentially giv-
ing better agreement between the model and measured data.
This can be seen in Figs. 6–9 where 1 kg and 2 kg hand load
showed better agreement between measured and simulated
results than 0 kg hand load. This method provided an alterna-
tive to the method of adjusting moment of inertia used by Hof
[33], which involved using the recorded moment and angular
acceleration to correct the moment of inertia.
We have previously reported preliminary results of the arm
fall experiments that only included experiments 1 and 2 [26].
It was found that for experiment 1, the system Eqs. (8) and
(9) cannot adequately describe elbow angle trajectory when
maximum extension was reached at about 0.4 s (see Figs. 6–9,
experiment 1), giving only 0.6 s of data for parameter estima-
tion (see Section 7.4). The problem caused by the joint reaching
maximum extension or ﬂexion was also experienced by Hof
[2], who limited the period over which they could analyse data
to 60 ms.  Using a modiﬁed form of the passive extension exper-
iment (experiment 3), where the upper arm was leant forward
by 45◦ from the vertical, allowed the forearm to swing further
backwards, this gave a larger range of elbow angle for parame-
ter estimation (about 135◦ whereas 90◦ was seen in experiment
1). The measured trajectories from experiment 3 (Figs. 6–9)
showed the maximum extension was not reached in any of
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Fig. 8 – Forearm free fall trajectory of subject P3. Blue solids lines: measured joint trajectories. Black dashed line: simulated
joint trajectory using values from Tables 2 and 3. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of the article.)the trials, and therefore this did not limit the duration of data
available for MAE  calculation and parameter estimation.
7.3.  Measured  results
Surface palpation was used to determine the free tendon and
muscle resting length parameters in this study. In future work,
medical imaging technique such as ultrasound or magnetic
resonance imaging (MRI) could potentially improve the accu-
racy of these parameters. A study of this type together with
a formal sensitivity analysis of the model would allow the
validity of the palpation method to be further assessed.
The measured parameter values (Table 2) demonstrated
good consistency between subjects. The reproducibility of the
calculated elbow angles from the measured data (Figs. 6–9)
for repeated experiments was good. There was also good
reproducibility between experiments performed on the same
subjects but on different days. An example is shown in blue
and green lines for P2 experiment 1 in Fig. 7. The pattern of
elbow angle movement  from different trials also showed good
consistency between subjects.
In the course of the experiment, a number of measure-
ments were taken where the muscle was not fully relaxedand the trajectory of the forearm was clearly different from
that when the muscle is fully relaxed. These measurements
were not used in the parameter estimation process to obtain
results presented in Table 3. The effect of the muscle not being
fully relaxed can be seen in the dashed blue line of Fig. 9 (sub-
ject P4, Exp 1 0 kg hand load). The initial rate of change is
less steep as a result of the active contractile element exert-
ing a resistive force. Importantly, this is clearly distinguishable
from the movement  of a completely relaxed arm. During the
experiments, the subjects were aware of the objective to keep
muscle relaxed, and they were asked to report immediately
after each measurement if that was not the case. If the subject
reported the muscles were not completely relaxed, that mea-
surement was repeated. Whilst in this set of experiments, the
effect of muscle tension was obvious, in later studies, EMG
was recorded as an objective measure of muscle activation.
These data showed that subjects’ feedback on whether the
muscles were fully relaxed when compared to the EMG or
elbow angle time history was found to be reliable. Further-
more,  subject feedback is immediately available after each
measurement, whilst inspection of the elbow angle time his-
tory or EMG  can only be carried out after analysis of the
data.
c o m p u t e r m e t h o d s a n d p r o g r a m s i n b i o m e d i c i n e 1 1 4 ( 2 0 1 4 ) e46–e59 e57
0 1 2
1.5
2
2.5
3
P4 Exp1 0kg
time(s)
El
bo
w
 a
n
gl
e 
(ra
d)
0 1 2
1
2
3
P4 Exp2 0kg
time(s)
El
bo
w
 a
n
gl
e 
(ra
d)
0 1 2
1
2
3
P4 Exp3 0kg
time(s)
El
bo
w
 a
n
gl
e 
(ra
d)
0 1 2
1.5
2
2.5
3
P4 Exp1 1kg
time(s)
El
bo
w
 
a
n
gl
e 
(ra
d)
0 1 2
1
2
3
P4 Exp2 1kg
time(s)
El
bo
w
 
a
n
gl
e 
(ra
d)
0 1 2
1
2
3
P4 Exp3 1kg
time(s)
El
bo
w
 
a
n
gl
e 
(ra
d)
0 1 2
1.5
2
2.5
3
P4 Exp1 2kg
time(s)
El
bo
w
 a
n
gl
e 
(ra
d)
0 1 2
1
2
3
P4 Exp2 2kg
time(s)
El
bo
w
 a
n
gl
e 
(ra
d)
0 1 2
1
2
3
P4 Exp3 2kg
time(s)
El
bo
w
 a
n
gl
e 
(ra
d)
Fig. 9 – Forearm free fall trajectory of subject P4. Blue solids lines: measured joint trajectories. Blue dashed line: measured
joint trajectory with muscles not fully relaxed. Black dashed line: simulated joint trajectory using values from Tables 2 and 3.
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.4.  Parameter  estimation
he root mean square error (RMSE) is a widely used factor to
inimise in parameter optimisation. However in the original
ptimisation process using experiments 1 and 2 [20], it was
ound that, the standard RMSE calculation did not give equally
eighted values if trial lengths were different, and therefore
he MAE  was used instead. The MAE  was used in the optimi-
ation process for the data from experiments 2 and 3 to allow
omparison between results from ﬁtting experiments 1 and 2
nd ﬁtting experiments 2 and 3.
The duration of data taken for the MAE  calculation in both
xperiments 2 and 3 was 2 s. This was chosen as it included
everal cycles of oscillation, but was not so long that move-
ent had ceased at the end of the period, as introducing a
arge number of near zero MAE  values during a period of low
mplitude movement  would reduce the sensitivity of the MAE
o differences in the movement  dynamics during the initial
wings of the arm fall, which was the important factor in the
arameter estimation process.
In the preliminary work [26], experiment 1 was used toarameterise the model, where the maximum elbow exten-
ion was reached at about 0.4 s and the data up to 0.6 s (grey
ashed line, Figs. 6–9) were included so a decrease in elbow
ngular velocity was present for the parameter estimation, the reader is referred to the web version of the article.)
and optimisation. However, when experiment 3 was used in
the ﬁtting process and compared with the results previously
obtained using data from experiment 1, it was found that the
difference in elbow angle trajectory characteristics between
measured and simulated data at maximum elbow extension
in experiment 1 caused the parameter estimation process to
result in an unsatisfactory prediction of the elbow angle over-
all. Therefore in this paper, the MAE  was calculated using only
measured and simulated data from experiments 2 and 3, and
excluded data from experiment 1. This resulted in a better
model ﬁt and lower MAE values were obtained.
The use of different seeds in the optimisation process
was to help ensure that global minima were found, by
ensuring that starting different initial seeds gave the same
ﬁnal values. For subject P4, when the parameter estimation
was started with all zero values in the seed, fminsearch
reached a local minimum, where the MAE was not as small
as those obtained using the other initial seeds. This result
was ignored and the global MAE from the other seeds was
used. MAE values obtained from the two  remaining initial
seeds were within 1%, suggesting the fminsearch optimi-
sation process had found global minima. It also suggested
that using a physiologically meaningful seed has a higher
chance of ﬁnding global minima than starting with all zero
values.
 s i ne58  c o m p u t e r m e t h o d s a n d p r o g r a m
In this study, fminsearch effectively performed a 7 dimen-
sional grid search to obtain the parameter values. In order to
visualise the form of the error surfaces, the MAEs for pairs
of variables were plotted. The error surfaces had steep sides
with a shallow bowl  region around the minimum MAE. These
plots conﬁrmed that the estimated parameter values were at
the global minimum of the MAE. The shape of these plots also
suggested that the model had a low sensitivity to the values.
7.5.  Fitted  results
It can been seen in Figs. 6–9 that the simulated trajecto-
ries using the ﬁtted parameter values show good agreement
with measured elbow angle trajectories. The values in Table 3
obtained by only using measured data from experiments 2 and
3 for parameter estimation also gave predicted elbow angle
trajectories that agree with the initial 0.4 s of measured elbow
angle trajectories obtained in experiment 1. This suggests that
the ﬁtted values were appropriate for predicting elbow angle
for different arm orientations.
The ﬁtted spring and damper values (Table 3) were within
the predicted range of values. The ﬁtted values of barm showed
good agreement between all subjects. The muscle spring
constants km1 and km2 showed good agreement between sub-
ject P1 and P2, however the same values for P3 and P4 showed
a large variation. This could be due to uncertainty in the mea-
surement of the muscle and tendon length. In subjects P1 and
P2, it was easier to identify the bulk of the muscle by palpa-
tion in comparison to P3 and P4, and therefore the error in
length determination in P3 and P4 were expected to be greater
than in P1 and P2. In Eq. (3) the force generated by muscle
spring km is dependent on the muscle extension, which is in
turn dependent on the measured lengths x1 0, x2 0, x1t and x2t.
Therefore any error in those measured lengths will have a cor-
responding error in the force generated which will affect the
parameter optimisation process.
7.6.  Comparison  with  other  work
It was difﬁcult to compare measured length values between
studies because of differences in the deﬁnition of the model
parameters. For example, the tendon length deﬁned by Win-
ters and Stark [15] includes sheet tendons embedded in the
bulk muscle. Hatze’s model [23] was similar to the one used
in this study, and reported average tricep muscle length of
0.1125 m,  which was shorter than all those measured in this
study. However the lengths for Hatze’s model were obtained
through parameter estimation, where the muscle lengths
determined were the lengths at which the muscles produced
maximum force and not the resting length of the muscles.
No previous studies on the elbow joint reporting passive
spring and damping values for the modiﬁed Hill muscle
model were identiﬁed, and therefore, no direct comparison of
values could be made. Hof’s study [33] on the human tricep
surae muscle included a parallel elastic component (PEC) in
the muscle model, equivalent to the spring component km.
However no numerical value for this was reported. Further-
more, based on our previous work [20], Hof’s modiﬁed Hill
model was not uniquely identiﬁable as both the free tendon
(SEC) and the bulk muscle lengths were extendable, and b i o m e d i c i n e 1 1 4 ( 2 0 1 4 ) e46–e59
therefore the ﬁtted values could not be guaranteed unique.
In our work, the assumption that the free tendon lengths
were ﬁxed overcame this problem. In order to develop better
models and more  robust parameter estimation techniques,
more  numerical values need to be reported in the literature.
An additional advantage of the passive movement  tech-
nique in subjects who can produce voluntary movements, is
that the parameter values obtained from the passive move-
ment experiment can then be used in studies where the
muscle is active (e.g. MVC) to parameterise the force length
and force velocity characteristics [16] of the contractile ele-
ment.
8.  Conclusion  and  future  work
Structural identiﬁability analysis on different versions of Hill
type muscle models allowed us to choose a muscle model
and determine the constraints (e.g. ﬁxed free tendon length)
under which the model parameters can be uniquely identiﬁed.
When used with measurements from passive movements, the
muscles’ passive spring and damping elements in the muscle
model could be uniquely determined.
In this study, the CE was considered a pure force genera-
tor. Since the muscles were completely relaxed in the passive
movements, no forces were output from the CE. In MVC  stud-
ies and other parameter estimation approaches where the
muscle is active, the CE force is modulated by the force-length
and/or the force–velocity characteristic [16], and therefore
parameters for the CE and the spring and damping constants
cannot be uniquely determined. Measurements from passive
movements allowed the effect of the spring and damping com-
ponents to be observed and therefore uniquely determined.
Overall, parameter estimation of the musculo-skeletal
model from passive movement  measurement was successful.
By adapting the skeletal model to other joints in the body, such
as the knee joint or ankle joint, other muscle groups in the
body could be parameterised in a similar manner.
The parameter values obtained from the method described
in this paper are for the passive elements of the muscle model,
to fully parameterise the model for an active muscle, the force-
length and force-velocity characteristics are also required. By
combining MVC or other measurement techniques where the
muscle is active with the parameter values found using the
passive movement  method described in this paper, a fully
parameterised model of the muscle can be obtained.
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